I. Introduction T he frontiers of high-frequency ultrasound have been greatly expanded during the past decade, with various applications in dermatology [1] - [2] , ophthalmology [3] - [4] , intravascular imaging (IVUs) [5] , and small animal imaging [6] . an integral part of any ultrasound imaging system is the transducer array, which generates and detects acoustic waves, and ultimately determines image resolution and quality. currently, the unavailability of 2-d high-frequency piezoelectric transducer arrays limits further development of high-frequency ultrasound, especially in real-time 3-d high-resolution applications. state-of-the-art piezoelectric arrays include a 64-element 35-mHz 1-d array [7] and an 8-element 55-mHz annular array [8] , whereas 2-d arrays have not been fabricated at high frequencies [9] - [10] . major fabrication challenges include dicing piezoceramics to micron-scale elements and making electrical connections to each individual element. recently, the capacitive micromachined ultrasound transducer (cmUT) has been developed as an alternative [11] . a 64-element 1-d linear array operating at 45 mHz [12] and 64-element forwardlooking annular arrays [13] - [14] have been reported. However, even though a high-frequency fully sampled 2-d cmUT array is theoretically realizable, no such array has been implemented, and integration of front-end electronics still requires a technical breakthrough. clearly, a new transduction technology is greatly needed for 2-d arrays operating at above 30 mHz.
an attractive alternative, optoacoustic transduction, typically replaces electronic signals with 2 laser beams as input/output vectors, one for ultrasound generation and the other for ultrasound detection. The most significant advantage over piezoelectricity is that the size and spacing of each transmit/receive array element is defined by the focal spot of a laser beam, which is easily reduced to several microns using conventional optics. also, an array can be easily formed by splitting the primary laser beam and focusing the resultant secondary beams onto a configurable array of spots, which avoids transducer dicing and making electrical connections.
The most efficient optoacoustic transmitter utilizes either an 11-μm-thick black polydimethylsiloxane (Pdms) film [15] - [16] , or a 4.5-μm gold nanostructure Pdms film [17] . In a typical configuration, a laser pulse is focused onto the film, and optical absorption rapidly heats a localized volume in which thermal expansion launches an acoustic wave into the overlying sample. The bandwidth of generated ultrasound can easily exceed 50 mHz with a 5-ns incident laser pulse, and the surface acoustic pressure often rises well beyond 100 mPa with sufficient input optical energy.
on the other hand, the most effective method for optoacoustic detection uses a thin polymer etalon [18] [19] [20] [21] , which consists of a polymer layer sandwiched between 2 reflecting mirrors. The strain associated with an ultrasound wave passing through the etalon modulates its thickness and therefore changes the reflected optical intensity of the probing cW laser beam. The acoustic pressure can be measured by recording the intensity change of the reflected signal. a 5.9-μm-thick etalon [22] possesses bandwidth of well over 50 mHz, noise equivalent pressure of 3.9 kPa for a 20-μm-diameter element, better than that of PVdF equivalents, and angular attenuation of barely 10 db at 45 degrees for frequencies approaching 80 mHz.
In this paper, we propose an integrated all-optical theta-array system combing an 11-μm-thick black Pdms film and a 5.9-μm-thick etalon. The fabrication and configuration of the device will first be described, followed by ultrasound pulse-echo characterization. Preliminary images obtained using 3 metal wires as imaging targets will also be presented.
II. Fabrication and structure
The first step is to fabricate a 5.9-μm sU-8 etalon with a 2-mm-diameter transparent window on top of a glass substrate. a 30-nm gold layer is first deposited as the first reflecting mirror using an electron beam evaporator, where a 2-mm-diameter tape is masked on glass to block the deposition of gold within the region. Then sU-8 photoresist (sU-8 2005, microchem corp., newton, ma) is spin coated on top at 2100 rpm for 40 s after the tape is peeled off. The cured film is about 5.9 μm thick and forms the etalon's polymer bulk layer. a 2-mm-diameter tape is masked on the same region again, and another 30-nm gold layer is deposited as the second reflecting mirror. a mixture of Pdms (sylgard 184, dow corning, midland, mI) and carbon black (raven 14, columbian chemicals Inc., marietta, Ga) with mass ratio of 6:1 is then spin coated into an 11-μm black Pdms film on top. a side view of the device is shown in Fig. 1 . The 2-mm transparent window in the middle of the etalon allows a pulsed laser beam to be focused onto the black Pdms film for ultrasound generation, while a cW laser beam is focused onto the remainder of the etalon for ultrasound detection.
III. acoustical Properties
The 11-μm-thick black Pdms film and the 5.9-μm-thick etalon have been previously characterized for optoacoustic transmission [16] and detection [22] , respectively. However, the Pdms layer changes the acoustical properties of the etalon, as it attenuates ultrasound by about 1 db/μm at about 60 mHz [16] , and affects the frequency response of the etalon by changing the overall structure thickness. Therefore, the acoustic frequency response of the etalon needs to be reinvestigated.
The etalon's optical resonance is first measured by recording the reflected optical intensity as the wavelength is scanned from 1480 nm to 1550 nm, as shown in Fig.  2 (a). The resonance wavelength is 1513 nm with FWHm of 6.3 nm. Therefore, the wavelength of the probing beam is tuned to 1511.5 nm for maximum detection sensitivity. The frequency response of the etalon is characterized using a 50-mHz linbo 3 piezoelectric transducer with a diameter of 2.5 mm and focal length of 4 mm (resource center for medical Ultrasonic Transducer Technology, University of southern california, ca). First, the pulseecho signal reflected from a glass substrate is recorded by the piezoelectric transducer. Then the transducer is placed a focal length away above the etalon, and the signal from the piezoelectric transducer is recorded from the etalon. Water is used as the coupling medium here, as well as in all experiments throughout this paper. both the etalon signal and the transducer pulse-echo signal are displayed in Fig. 2(b) . The frequency response of the etalon is derived by dividing the spectrum of the etalon signal by the square root of the spectrum of the transducer pulse-echo signal. all 3 spectra are displayed in Fig. 2(c) . clearly, the 5.9-μm-thick etalon can detect ultrasound at 50 mHz and above even with an 11-μm black Pdms layer on top.
an ultrasound pulse-echo experiment is performed using the setup shown in Fig. 3(a) . The integrated optoacoustic transducer is mounted at the bottom of a water tank. The pulsed laser excitation source is a commercial pulsed fiber laser (mIrVIsIon, Keopsys Inc., lannion, France), which produces a 5 ns pulse with energy of Fig. 1 . side view of the optoacoustic device's structure. a 5.9-μm sU-8 etalon with a 2-mm-diameter window is fabricated on a glass substrate, followed by an 11-μm black Pdms film on top. 200 nJ/pulse at wavelength of 1064 nm and repetition rate of 5 kHz. The beam is output through a multimode fiber with core size of 18 μm, followed by a collimator with focal length of 12 mm and a convex lens with focal length of 20 mm. The beam is then reflected from a dielectric mirror before being focused onto a roughly 30 μm spot on the black Pdms film. The dielectric mirror is designed to be highly reflective at wavelengths of 1000 nm to 1100 nm and highly transmittable at wavelengths of 1300 nm and higher. The generated ultrasound is reflected back from a glass reflector positioned parallel to the device surface and 1.7 mm away.
The pulse-echo ultrasound signal is detected by a cW laser beam at 1511.5 nm with power of 4 mW. It travels through a polarizing beam splitter and a quarter-wave plate before being focused onto a 20 μm spot on the etalon through the dielectric mirror. The center-to-center distance between the generation and detection spots is denoted as d. Fig. 3(b) shows the top view of the geometry.
The pulse-echo signals for generation and detection elements separated by 1 mm (d = 1 mm), 0.6 mm (d = 0.6 mm), and 0.2 mm (d = 0.2 mm), averaged 1000 times, are shown in Fig. 4(a) , (c), and (e) respectively. The spectrum for d = 1 mm is shown in Fig. 4(b) , where the center frequency is 33 mHz and the −6 db bandwidth is 41 mHz. The center frequency and bandwidth increase with shorter distance, as demonstrated in Figs. 4(d) and (f), where d is 0.6 mm and 0.2 mm, respectively. For instance, if d = 0.2 mm, the center frequency is 34 mHz whereas the −6 db bandwidth is 51 mHz. This increase occurs primarily because the frequency response of the etalon is incident angle dependent and always displays attenuation at higher angles [22] - [23] . Therefore, shorter distance leads to a smaller incident angle for the echo ultrasound waves, which consequently produces broader bandwidth.
IV. Ultrasound Imaging
In this device, generation and detection elements are spatially separate. The simplest array that separates transmit and receive elements is the mills cross [24] , which consists of a straight line of transmit elements and another straight line of receive elements in a perpendicular direction. However, this configuration is not feasible due to limitations in our device structure. The first-order approach utilizes a theta-array geometry, which contains a straight line of transmit elements and an annular-ring array [25] [26] [27] [28] [29] [30] of detection elements surrounding the transmit elements. This configuration is the simplest 2-d array for a preliminary 3-d imaging test with our device structure.
an optoacoustic theta-array is illustrated in Fig. 5(a) . The generation pulsed laser beam is scanned along a straight line to provide the optoacoustic transmission array, and the probe cW laser is scanned over an annulus to form the optoacoustic detection array. The setup is the same as in the pulse-echo experiment shown in Fig. 3(a) , except both lasers are controlled by separate motors for scanning. In our imaging experiment, the transmission array consists of 8 elements with 200 μm center-to-center separation between adjacent elements, and the detection array contains 400 elements along a circle with 2.5 mm diameter (19.6 μm center-to-center separation between adjacent elements).
The center of the circular window is defined as the origin of the coordinate system. because generation and detection beams are controlled by independent motor systems, it is important to first align the generation beam to the center of the annular detection array (origin of the coordinate system). after alignment, pulse-echo signals are recorded at all 400 detection elements, and the ultrasound wavefield is shown in Fig. 5(b) . clearly, the travel times from the generation spot to all detection spots are equal, verifying that the pulsed laser is indeed focused onto the center of the detection array.
as a preliminary test using the theta-array, 3 50-μm-diameter metal wires are used as imaging targets. The experimental configuration and the wire arrangement are shown in Fig. 6 , where the wires are placed roughly 1.8 mm from the device surface. a synthetic aperture approach is followed for data acquisition. When the generation laser is focused onto each generation element spot, the probe laser is scanned through the annular detection array, and the ultrasound signal at each position, averaged 1000 times, is recorded. a full data set containing every combination of transmit and receive elements is obtained. The wavefield plot of the detected acoustic field along this annular array for one of the generation spots is shown in Fig. 7 . because there are 400 receiving elements evenly spread out on the annular detection array, the vertical axis is sampled every 0.9 degree. clearly, the 3 wires are well represented by the 3 distinctive curves in this wavefield.
band-pass filtering from 25 to 75 mHz is applied to all signals to balance desired resolution and dynamic range. conventional beamforming algorithms are then used for image reconstruction. The reconstructed image from the x-y plane at z = 1790 μm, which intersects the first wire, is shown in Fig. 8(a) , while the reconstructed image from the x-y plane at z = 2020 μm, which intersects the joint of the second and third wires, is shown in Fig. 8(b) . The display dynamic range of both figures is 10 db. correspondingly, expected images as determined by the geometry of the 3 wires are shown in Fig. 8(c) and (d) , respectively. The reconstructed images capture the existence of the 3 wires, and the geometry of the imaging targets are depicted overall, confirming the optoacoustic theta-array's potential for 3-d ultrasound imaging. note that artifacts do exist, and there is a certain degree of distortion in the reconstructed images. methods for improvements are discussed below.
V. discussion and summary at present, image quality is mainly limited by the small number of optoacoustic transmission elements. sufficiently high pulsed laser energy is not available for our experiments; thus, extensive signal averaging of 1000 times is required at each detection array element. The total time consumed at each generation element is a few hours, including mechanically scanning through the annular detection array, signal averaging, and data acquisition. Time constraints force us to use a maximum of 8 generation elements with separation of 200 μm, whereas significantly more generation elements with separation of less than 20 μm are of course highly desired to reduce artifacts and greatly improve image quality.
In our experiments, optical pulses with 200 nJ/pulse are delivered to a spot size of 30 μm for ultrasound generation, yielding an optical fluence of 0.03 J/cm 2 , whereas the thermal damage threshold has been measured to be 30 J/cm 2 [16] . With substantial improvements in fiber selection and preparation, as well as system configuration in our current system, much higher input optical energy can be achieved. alternatively, commercial pulsed lasers with energy much higher than that used in our setup are available, thus the snr of ultrasound signals can be improved by at least 40 db using an optical energy of 20 μJ/pulse. This would enable us to record single-shot signals at each array element, enabling a significantly larger number of generation elements.
another main drawback of our current experimental system is the mechanical scan of lasers to form the generation and detection arrays. The detection cW laser beam is controlled by a 2-d motor system that scans the beam in the designated annular geometry. meanwhile, the generation pulsed laser beam is controlled by a 1-d motor and is scanned along the x-axis as denoted in Fig. 5(a) . because the pulsed laser beam is reflected from a dielectric mirror, the actual transmit element spot largely depends on the exact position and angle of the dielectric mirror, especially when the spot is moved away from the center. If the dielectric mirror's angle and position are not tuned to perfection, the transmit element spot will be off from the proposed position by an uncertain distance, and a sig- nificant amount of error during image reconstruction will be induced because the assumed round-trip delay between generation and detection elements is no longer accurate. We attribute various artifacts in the reconstructed images to this effect.
simultaneous ultrasound detection from all array elements at each firing of an individual generation element would decrease imaging time significantly, making realtime imaging possible. a system with an optical end capable of parallel probing [31] has previously been built, in which an unfocused laser beam probes a large area on the etalon surface, and a photodetector is scanned to acquire signals from all channels. The most practical proposed solution utilizes a fiber bundle [32] , which splits the primary laser beam into an array of separate laser beams that are then focused onto a programmable array geometry on the device surface. Immediate future work includes optimizing the optical setup involving fiber bundles, fabricating etalons with better thickness uniformity, and evaluating photodetector arrays.
The major drawback of this integrated optoacoustic device combining black Pdms films and etalon structures is that transmission elements and detection elements must be spatially separate. This means that fully-sampled 2-d arrays are not available with this device. an integrated single element capable of both ultrasound generation and detection can be fabricated using a gold nanostructure as optoacoustic transmitter [32] . The advantage of using black Pdms over a gold nanostructure, however, is that its thermal damage threshold is 6 times higher [16] - [17] , enabling higher ultimate acoustic pressures.
In summary, we have fabricated and tested an integrated optoacoustic device for 3-d ultrasound imaging. The device consists of an 11-μm-thick black Pdms film confined to a 2-mm-diameter circular region acting as an optoacoustic transmitter, surrounded by a 5.9-μm-thick Fabry-Perot polymer etalon structure serving as an optoacoustic detector array. Pulse-echo signals display center frequencies above 30 mHz with bandwidths of at least 40 mHz with a 30-μm generation element and a 20-μm detection element. a theta-array is emulated by mechanically scanning the generation laser beam through 8 1-d elements with 200 μm center-to-center separation and the detection laser beam along an annular array of 400 elements each separated by 19.6 μm. The wavefield plot and reconstructed images are capable of capturing the 3 wires used as imaging targets. acoustical characterization, together with preliminary imaging results, demonstrates the potential of optoacoustic transducers for 3-d ultrasound imaging.
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